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A  lithium-ion  positive  electrode  is  proposed  that  contains  both  high  energy  density  and  efficient  pulse 
power  capability,  even  at  low  state-of-charge  (SOC).  The  pulse  power  capability  at  low  SOC  is  attractive  for 
applications,  such  as  plug-in  hybrid  electric  vehicles  (PHEVs),  which  require  pulse  power  operation  over 
the  entire  useable  SOC  window.  A  lithium-  and  manganese-rich  transition-metal  layered-oxide  (LMR- 
NMC),  also  classified  as  a  layered-layered  oxide  material,  is  blended  with  a  lithium  iron  phosphate  (LFP) 
to  achieve  a  potentially  low-cost,  high-performance  electrode.  The  LMR-NMC  material  provides  high 
energy  by  delivering  cathode  material  gravimetric  energy  densities  greater  than  890  Wh  kg-1.  The  pulse 
power  capability  of  this  material  at  low  SOC  is  greatly  improved  by  incorporating  a  modest  quantity  of 
LFP.  The  LFP  serves  as  an  internal  redox  couple  to  charge  and  discharge  the  more  rate-limited  LMR-NMC 
material  at  moderate  to  low  SOCs. 
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1.  Introduction 

Being  an  attractive  means  of  efficient  electrochemical  energy 
storage,  lithium-ion  (Li-ion)  batteries  are  widely  implemented 
in  the  consumer  electronics  industry,  currently  being  developed 
to  electrify  automotive  drivetrains,  and  actively  considered  for 
integration  into  other  applications  [1,2].  Electrification  of  the  trans¬ 
portation  sector  offers  many  potential  advantages  such  as  reducing 
petroleum  consumption  levels  and  lowering  green-house  gas  emis¬ 
sions.  However,  to  enable  the  widespread  adoption  of  this  battery 
chemistry  into  the  transportation  sector  and  other  new  appli¬ 
cations,  the  battery  cost  must  be  lowered  while  lifetime  and 
safety  performance  are  simultaneously  improved.  This  is  espe¬ 
cially  true  for  applications  where  larger  batteries  are  required,  such 
as  in  battery  electric  vehicles  (BEVs)  and  plug-in  electric  vehicles 
(PHEVs). 

Reducing  the  positive  electrode  material  cost  has  been  shown 
to  significantly  lower  the  cost  of  a  battery  [3,4].  Current  Li- 
ion  positive  electrodes  are  largely  based  on  transition-metal 
layered-oxide  materials,  LiM02  (M  =  Ni,  Co,  Mn,  Al,  etc.).  LiCo02, 
LiNio.80Coo.15Alo.05O2*  and  Lii+x(Ni1/3Co1/3Mn1/3)i_x02  are  exam¬ 
ples  of  commercially  available  positive  electrode  materials 
providing  excellent  performance  at  a  relatively  high  cost.  The  high 
cost  is  generally  a  function  of  the  cobalt  and  nickel  content;  there¬ 
fore,  the  cost  of  a  positive  electrode  material  may  be  decreased  by 
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increasing  the  manganese  content  while  simultaneously  reducing 
that  of  cobalt  and  nickel.  Lithium-  and  manganese-rich  transi¬ 
tion  metal  layered-oxides  (LMR-NMCs)  [5-7]  show  great  promise 
as  positive  electrode  materials  for  Li-ion  batteries  as  they  can 
deliver  significantly  higher  energy  density  than  the  aforemen¬ 
tioned  commercially  available  layered-oxides  at  a  potentially  lower 
cost  (in  terms  of  $  kg-1  and  $  Wh-1).  The  increased  lithium 
and  manganese  content  promotes  the  formation  of  Li2Mn03  or 
Li2Mn03-like  regions  in  the  transition-metal  layer  of  the  metal 
oxide  [5,6].  Activation  of  the  Li2Mn03  component,  by  charging  to 
potentials  higher  than  4.4  V  vs.  Li+/Li,  results  in  a  cathode  material 
with  reversible  capacity  greater  than  200  mAh  g-1.  A  synergistic 
advance  is  being  made  with  the  implementation  of  LMR-NMC  in 
that  one  may  achieve  higher  energy  density  and  lower  cost  through 
the  same  pathway. 

Transportation  applications  (e.g.  PHEVs  and  EVs)  require  not 
only  high  energy  density  but  also  moderate  rate-  and  pulse-power 
capability  over  the  full  state-of-charge  (SOC)  range  from  which 
the  useable  energy  is  consumed.  To  date,  however,  the  LMR-NMC 
materials  have  shown  only  modest  rate  capability.  We  expect 
improved  LMR-NMC  materials  to  be  developed  or  engineered  to 
have  lower  impedance  than  the  currently  widely  communicated 
oxides.  Some  initial  promising  results  have  been  communicated 
[8-11].  Nevertheless,  the  impedance  at  low  SOC  will  most  likely 
remain  higher  than  desired  due  to  the  inherent  nature  of  layered- 
oxides  [12-15].  One  of  the  solutions  to  achieve  both  the  energy 
and  power  from  the  LMR-NMC  cathode  would  be  to  physically 
blend  LMR-NMC  with  an  additional  cathode  material  having  good 
pulse-power  characteristics. 
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Literature  has  several  examples  of  positive  electrodes  composed 
of  blended  active  materials  to  meet  different  design  require¬ 
ments  such  as  reduced  irreversible  capacity,  increased  life,  SOC 
monitoring,  rate  performance,  and  others  [16-22].  The  blending 
of  layered-oxides  with  spinel  materials  has  been  reported  to  a 
great  extent  [17,18,23,24].  The  measurement  and  modeling  of  the 
improved  rate  capability  of  primary  batteries  from  blended  cath¬ 
odes  has  also  been  communicated  [21,25].  Albertus  et  al.  modeled 
the  discharge  curves  of  a  layered-  and  spinel  oxides  physical  mix¬ 
ture  [24].  However,  the  pulse  behavior  of  blended  cathodes  has  not 
been  discussed  in  great  detail  even  though  pulse  capability  of  a  bat¬ 
tery  is  a  requirement  for  any  power  systems  used  in  for  automobile 
transport  [26].  The  purpose  of  this  work  is  to  present  a  system  with 
enhanced  pulse  power  capability  over  a  wide  SOC  range  while  ana¬ 
lyzing  the  electrochemical  processes  underlying  the  performance 
improvement. 

The  olivine  material,  LiFeP04  (LFP),  has  been  studied  extensively 
and  shown  to  have  excellent  rate  capability  when  the  particles  are 
sufficiently  small,  coated  with  carbon,  and  free  from  blockage  in 
the  ID  lithium-ion  transport  channels  [27-30].  Furthermore,  the 
olivine  compound  contains  much  stronger  bonds  to  the  oxygen 
atoms  than  other  oxide  materials  resulting  in  a  very  safe  and  sta¬ 
ble  cathode  [30].  The  reversible  capacity  of  LFP  is  ~160mAhg-1 
(170  mAh  g-1  theoretical)  along  a  voltage  plateau  near  3.4  V  vs. 
Li+/Li.  Because  of  the  relatively  low  discharge  voltage  and  poor 
packing  density  of  nanoparticles,  LFP  may  not  be  an  attractive  cath¬ 
ode  material,  as  it  is,  for  energy  applications.  However,  the  excellent 
rate  capability  at  <3.4  V  vs.  Li+/Li  coupled  with  the  superb  structural 
stability  makes  LFP  an  ideal  candidate  to  blend  with  the  LMR-NMC 
materials  to  improve  the  positive  electrode  impedance.  The  flat 
voltage  profile  of  LFP  at  low  cell  potentials  for  the  blended  elec¬ 
trode  may  also  serve  as  an  indicator  to  the  battery  that  the  system 
is  near  the  end  of  discharge.  What  is  more,  the  raw  materials  of 
LFP  are  earth  abundant  and  thus  low  in  cost.  If  processing  costs  are 
reduced  in  the  future,  LFP  has  the  possibility  of  being  a  low-cost 
component  of  the  battery.  The  blending  of  LFP  with  LMR-NMC  has 
been  reported  in  literature  [22].  The  authors  found  little  synergy 
between  the  two  materials  they  studied,  although  this  may  relate 
to  the  specific  materials  used  in  their  work  and  that  the  effort  was 
focused  on  the  arrangement  of  the  materials  on  current  collector. 
The  objective  of  this  study  is  to  evaluate  if  the  blending  of  the  high- 
energy  LMR-NMC  material  with  the  high-power  LFP  material  will 
result  in  a  system  that  offers  both  high  energy  density,  pulse  power 
capability,  and  potentially  low  cost. 

2.  Experimental 

2.1.  Electrode  materials 

Based  upon  extensive  previous  work,  mildly-fluorinated 
0.5Li2Mn03  0.5LiNio.44Mno.3iCo0.2502  was  selected  as  the  LMR- 
NMC  material  for  this  study  [9,31-33],  which  will  be  referred  to 
as  ANL-NMC  hereafter.  Synthesis  of  the  ANL-NMC  material  is  well 
described  in  literature  [9,32-34]. 

The  LFP  was  synthesized  by  hydrothermal  method  in  supercriti¬ 
cal  water  [35  ]  at  Hanwha  Chemical  supercritical  hydrothermal  pilot 
plant.  The  secondary  particles  have  a  D50  value  of  1 0  [Jim,  composed 
of  primary  particles  with  mean  particle  size  of  250  nm.  The  specific 
surface  area  measured  by  the  BET  method  is  15  m2  g-1.  The  resid¬ 
ual  carbon  content  in  the  LFP  powder  was  measured  to  be  2.2  wt% 
of  total  mass. 

2.2.  Blending 

The  ratio  of  ANL-NMC  and  LFP  in  the  mixture  is  important  to 
meet  both  power  and  energy  requirements.  A  simple  calculation 


Fig.  1.  Relationship  between  C-rate  based  on  total  battery  capacity  and  C-rate  for 
LFP  particles  assuming  the  LFP  carries  all  of  the  current  demanded.  For  a  battery 
C-rate  of  3Ctotai,  the  LFP  in  a  20  wt%  blend  must  discharge  at  a  19Clfp  rate  to  carry 
the  entire  current  load. 

can  be  made  to  guide  us  in  deciding  the  proper  ratio  of  the  two 
electrode  materials  for  the  blended  cathode.  If  we  assume  the  LFP 
material  is  the  only  active  component  at  low  SOC,  we  may  esti¬ 
mate  the  approximate  C-rate  required  from  LFP  to  provide  all  the 
demanded  current  as  a  function  of  weight  percent  of  LFP  added. 
In  this  estimation,  150  and  200  mAh  g-1  were  used  as  the  1C  rate 
capacities  for  LFP  and  ANL-NMC,  respectively  [9].  The  result  of  this 
simple  calculation  is  given  in  Fig.  1,  showing  a  cathode  based  on 
20  wt%  LFP  and  80  wt%  ANL-NMC  is  a  reasonable  balance  between 
rate  capability  and  LFP  content.  For  a  3C  pulse  based  on  the  total 
capacity  of  the  electrode,  the  LFP  will  have  to  deliver  energy  at 
a  19C  rate  assuming  only  the  LFP  participates.  Compared  to  a 
graphite/ANL-NMC  cell,  the  theoretical  active  material  energy  den¬ 
sity  is  calculated  to  reduce  only  by  6.5%  from  the  inclusion  of  20  wt% 
LFP.  We  chose  this  composition  for  the  blended  electrode  stud¬ 
ied  in  this  work.  Optimization  of  the  electrode  would  obviously 
require  testing  of  various  compositions;  however,  the  goal  of  this 
work  is  not  to  present  an  optimization  study  but  to  demonstrate 
the  feasibility  of  the  concept  for  blending  of  these  two  materials. 

2.3.  Electrochemistry 

The  electrochemistry  of  the  positive  electrode  materials,  ANL- 
NMC,  LFP,  and  ANL-NMC/LFP  blended  electrode,  was  evaluated  in  a 
2032  coin  cell  format.  The  electrolyte  used  was  1.2  M  LiPF6  in  a  3:7 
mixture  (by  weight)  of  ethylene  carbonate  and  ethylmethyl  carbon¬ 
ate.  The  ANL-NMC  and  ANL-NMC/LFP  blended  positive  electrodes 
were  fabricated  by  mixing  82wt%  active  material,  8wt%  carbon 
black  (Super  P  Li,  Timcal),  and  10wt%  polyvinylidene  fluoride 
(PVdF)  binder  (Kynar,  Elf-Atochem)  in  N-methyl-2-pyrrolidone 
(NMP)  solvent  (Sigma-Aldrich,  anhydrous,  99.5%)  and  spreading 
the  slurry  onto  a  20-|xm  thick  aluminum  foil  current  collector  with 
a  doctor  blade.  The  resulting  laminate  was  dried  in  a  70  °C  oven 
before  being  calendered  to  approximately  35%  electrode  poros¬ 
ity.  The  ANL-NMC  and  ANL-NMC/LFP  positive  electrode  loading 
was  typically  around  3.75-4.25  mg  cm-2.  The  LFP  electrode  con¬ 
sisted  of  90  wt%  active  material,  5  wt%  of  carbon,  and  5  wt%  PVdF 
binder  with  an  active  material  loading  of  9.54  mg  cm-2.  The  nega¬ 
tive  electrode  was  lithium  foil  (FMC  Corporation)  for  the  half-cell 
configuration  and  MAG-10  graphite  (Hitachi  Powdered  Metals 
Co.  Ltd.)  for  the  full  cell  configuration,  the  latter  of  which  was 
produced  by  a  commercial  battery  manufacturer.  The  MAG-10 
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graphite  electrode  has  a  loading  of  4.9  mg  cm-2  or  1 .6  mAh  cm-2  at 
15  mAg-1.  The  full  cells  were  designed  with  an  excess  of  negative 
electrode  capacity  to  accommodate  the  low  first  cycle  efficiency 
of  the  ANL-NMC  material  used  in  this  work  and  to  prevent  any 
lithium  plating  during  charge  pulsing.  The  target  negative-to- 
positive  first-cycle  capacity  ratio  was  1.2.  The  separator  was  a 
polypropylene-polyethylene-polypropylene  tri-layer  membrane 
(Celgard  2325).  The  coin  cells  were  assembled  in  a  helium-filled 
glove  box  with  less  than  10  ppm  H20  and  02.  The  laminates  and 
separators  were  dried  in  a  vacuum  oven  at  70  °C  before  being  trans¬ 
ferred  to  the  glove  box.  The  testing  of  the  coin  cells  was  performed 
at  room  temperature  (~22  °C)  with  a  MACCOR  series  2000  cycler. 
Two  formation  cycles  of  2-4.6  V  at  15mAg_1  with  a  3-h  trickle 
charge  at  4.6  V  were  preformed  before  any  additional  testing. 

Area-specific  impedance  (ASI)  values  were  calculated  based  on 
the  voltage  response  of  a  full-cell  to  a  10-s  current  pulse.  The  cells 
were  charge  to  4.4  V  at  a  C/3  rate  and  then  held  at  4.4  V  until  the 
current  decreased  to  C/30.  Then  5%  of  the  C/3  rated  capacity  was 
removed.  The  current  was  then  interrupted  and  the  cell  voltage 
was  allowed  to  relax  for  60  min.  The  cell  was  then  subjected  to  a 
3C  discharge  pulse  for  10  s.  After  an  additional  60  min  open-circuit 
rest,  a  3C  charge  pulse  was  made  for  10  s.  The  cell  then  rests  for 
a  final  60-min  period  before  the  galvanostatic  cycle  was  repeated 
additional  18  times. 


3.  Results  and  discussion 

The  first-cycle  charge  and  discharge  curves  for  separate  half  cells 
containing  ANL-NMC  and  LFP  in  4.6-2.0V  at  currents  of  15  and 
11  mAg-1,  respectively,  are  compared  in  Fig.  2a.  The  dramatically 
different  capacities  and  voltages  of  the  two  positive  electrode  mate¬ 
rials  are  obvious  in  this  graphical  format.  The  voltage  plateau  of  LFP 
is  near  3.40  V  during  the  discharge  and  3.46  V  during  the  charge.  The 
specific  capacity  of  the  first  discharge  is  1 65  mAh  g-1  for  LFP  versus 
230  mAhg-1  for  ANL-NMC.  The  higher  capacity  for  ANL-NMC  also 
comes  at  a  higher  average  voltage  than  the  LFP  material.  Fig.  2b  dis¬ 
plays  the  voltage  profiles  during  the  1  st  and  4th  cycles  of  a  blended 
electrode  composed  of  80wt%  ANL-NMC  and  20wt%  LFP,  cycled 
between  4.6  and  2.0  V  at  15mAg-1  with  a  trickle  charge  for  3h 
at  4.6  V.  The  voltage  plateau  at  4.4  V  from  the  Li2Mn03  activation, 
as  well  as  the  voltage  plateau  at  3.46  V  from  the  LFP  component, 
is  clearly  visible  during  the  first  charge.  The  first  cycle  efficiency 
of  the  blended  electrode  (79.4%)  is  slightly  higher  than  that  of  the 
ANL-NMC  electrode  (76.6%),  which  is  attributed  to  the  near  100% 
cycle  efficiency  of  LFP,  as  shown  in  Fig.  2a. 

Fig.  3  shows  capacity  variations  against  cycle  number  of  the 
lithium  cells  shown  in  Fig.  2.  All  of  the  three  lithium  cells  main¬ 
tain  their  capacity  over  the  entire  test.  The  LFP  electrode  shows  the 
most  stable  cycling  performance,  albeit  it  shows  the  lowest  aver¬ 
age  coulombic  cycle  efficiency  of  98.1%.  The  ANL-NMC  and  blended 
electrodes  have  average  cycling  efficiency  of  98.7  and  99.6%  respec¬ 
tively,  excluding  the  first  activation  cycle.  The  LFP  electrode  delivers 
a  stable  discharge  capacity  of  165  mAh  g-1  over  the  whole  cycles, 
showing  the  superior  structural  stability  of  LFP  over  100%  SOC 
cycles. 

Fig.  4  compares  the  rate  capability  of  the  ANL-NMC  to  the 
blended  electrode.  The  capacity  of  the  blended  electrode  is  only 
slightly  compromised  at  current  densities  lower  than  75mAg_1 
(~C/3).  The  inset  in  Fig.  4  shows  the  average  voltage  at  which  the 
energy  is  delivered  to  be  essentially  the  same  at  75  mAg-1.  At  cur¬ 
rent  densities  higher  than  75  mAg-1,  the  blended  electrode  shows 
better  capacity  retention;  the  capacity  of  the  blended  electrode  is 
~40%  higher  than  that  of  ANL-NMC  at  the  discharge  current  den¬ 
sity  of  1 .5  A  g_1 .  The  improved  rate  capability  is  a  result  of  the  facile 
intercalation  of  Li-ions  in  the  LFP.  The  residual  carbon  on  the  LFP 


Fig.  2.  (a)  First  cycle  for  LFP  and  ANL-NMC  separately  and  (b)  first  and  fourth  cycle 
for  20  wt%  LFP  in  half  cell  configuration. 


particles  may  also  serve  to  increase  the  overall  electronic  conduc¬ 
tivity  of  the  electrode.  Future  optimization  studies  could  look  to 
reduce  the  amount  of  conductive  additive  mixed  into  the  porous 
electrode,  further  improving  the  power  and  energy  density  [36]. 

The  pulse  discharge  and  charge  behavior  of  secondary  batter¬ 
ies  is  often  characterized  by  an  empirical  parameter  called  the  area 
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Fig.  4.  Rate  capability  for  half  cells  of  ANL-NMC  and  a  blended  active  material  config¬ 
uration  of  20wt%  LFP  and  80wt%  ANL-NMC.  (Inset)  C/3  discharge  rate  at  75  mAg-1. 

specific  impedance  (ASI).  The  ASI  is  the  ratio  of  voltage  drop  to  cur¬ 
rent  density  during  a  charge  or  discharge  pulse.  Even  though  the 
value  of  the  ASI  may  change  as  a  function  of  many  factors  includ¬ 
ing  pulse  magnitude  and  duration,  SOC,  electrode  thickness,  etc. 
[37-40],  it  serves  as  a  quick  and  simple  means  to  estimate  the 
impedance  of  the  cell  under  given  test  conditions. 

Fig.  5a  and  b  compares  the  ASI  of  ANL-NMC  to  the  blended 
electrode  as  a  function  of  electrode  potential  for  3C  discharge  and 
charge  pulses  (2  mA cm-2  or  ~0.45Ag_1),  respectively.  The  mea¬ 
sured  ASI  was  significantly  lowered  by  incorporating  the  LFP  into 
the  electrode,  particularly  at  low  electrode  potentials  (or  at  low 
SOC). 

The  ANL-NMC  material  displays  an  interesting  asymmetry  in 
the  ASI  plot  for  discharge  pulses.  The  charge  pulse  ASI  displays  a 
“V”  shape  over  the  range  of  cell  voltages  that  may  be  derived  from 
the  expected  behavior  of  the  lithium  diffusion  in  layered  materials 
[12]  although  the  exact  structure  of  the  ANL-NMC  after  activation  is 
not  understood  well  [5,6].  Conversely,  the  discharge  ASI  increases 
rapidly  for  cell  potentials  below  3.4  V.  The  reason  for  this  behav¬ 
ior  is  not  yet  understood.  The  higher  impedance  for  a  discharge 
pulse  compared  to  charge  pulse  at  low  SOC  has  been  reported  previ¬ 
ously.  Kang  et  al.  [15]  observed  significantly  slower  kinetics  during 
lithiation  than  delithiation  at  very  low  SOC  (Li1±^M02,  A  ^0)  in 
their  study  of  the  first  cycle  irreversibility  of  lithium  metal  oxides. 
They  hypothesized  the  formation  of  a  Li2M02  phase  upon  Li  inser¬ 
tion  into  the  highly  lithiated  layered  oxide  due  to  sluggish  mass 
transport.  The  lower  ASI  on  charge  results  from  only  the  LiM02 
phase  being  present.  The  Li2M02  phase  disappears  during  the  open- 
circuit  rest  period  as  diffusion  relaxes  the  concentration  gradient 
before  the  charge  current  pulse.  This  phenomenon  is  certainly  pos¬ 
sible  in  the  ANL-NMC  material.  Regardless,  work  in  our  laboratory 
has  already  produced  other  LMR-NMC  materials  exhibiting  dis¬ 
charge  ASI  vs.  SOC  curves  with  less  asymmetry.  Lower  impedance 
versions  of  these  materials  are  under  development  by  changing 
the  stoichiometry  and  surface  treatment.  In  addition,  we  note  that 
the  ANL-NMC  cell  here  has  relatively  thin  electrodes  that  result  in 
an  overall  increase  of  the  measured  ASI  [37-39].  A  lower  minimum 
ASI,  ~60  £2  cm2,  has  been  measured  for  this  material  using  a  thicker 
electrode  cell  that  would  be  more  typical  of  an  energy  application. 
However  this  thickness  dependence  does  not  alter  the  slope  of  the 
increasing  ASI  at  lower  cell  voltages. 

The  voltage  behavior  during  and  after  discharge  pulses  begin¬ 
ning  at  different  open-circuit  cell  voltages  (Vo)  is  plotted  in 


Fig.  6.  Electrochemical  impedance  spectroscopy  utilizing  a  LiySn 
reference  electrode  determined  the  positive  electrode  to  be  the 
dominant  source  of  the  overall  cell  impedance  [33].  The  interac¬ 
tion  between  ANL-NMC  and  LFP  particles  is  evident  in  the  shape  of 
the  voltage  curve  during  the  pulse  and  the  subsequent  relaxation 
period  at  low  V0.  Owing  to  its  lower  impedance,  the  LFP  carriers 
the  current  demanded  if  the  starting  potential  is  low  enough  or  the 
polarization  of  the  electrode  large  enough. 

The  voltage  trace  starting  at  3.58  V  is  typical  of  layered-oxide 
material  and  thus  in  a  manner  consistent  with  ANL-NMC.  The  initial 
drop  in  potential  is  due  to  polarization  from  ohmic  and  interfacial 
kinetic  processes.  The  continuing  decrease  in  potential  during  the 
current  pulse  results  from  the  change  in  concentration  of  lithium 
at  the  surface  of  the  oxide  and  the  sloping  open-circuit  potential 
function  of  the  ANL-NMC.  After  the  10-s  pulse,  the  current  was 
interrupted  and  the  cell  potential  quickly  increased  in  value  as  the 
kinetic  and  ohmic  polarization  was  removed.  However,  the  cell 
potential  continues  to  relax  as  the  concentration  gradients  force 
lithium  transport  within  the  electrodes  and  active  particles  them¬ 
selves. 

The  interaction  of  LFP  with  ANL-NMC  in  the  voltage  response 
is  found  in  the  voltage  traces  beginning  at  open-circuit  cell  volt¬ 
ages  of  3.47  and  3.41  V.  The  slope  of  the  potential  with  time  during 
the  discharge  pulse  is  in-between  that  expected  for  ANL-NMC 
and  LFP  alone.  The  LFP  effect  is  more  strikingly  reflected  in  the 
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Fig.  6.  3C  discharge  pulses  of  ANL-NMC/LFP  full  cells  from  open-circuit  voltages  of 
3.58,  3.53,  3.47,  3.41,  and  3.34  V. 
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Fig.  7.  Full  cell  cycling  at  C/1  rate,  2-4.5  V,  C/10  cutoff  at  4.5  V. 
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voltage  relaxation  curves  after  the  current  pulse  is  interrupted. 
Unlike  the  voltage  relaxation  curves  for  V0>3.47 ,  the  relaxation 
for  V0  =  3.41  and  3.34  V  seems  to  consist  of  two  processes  with  dif¬ 
ferent  time  constants,  possibly  the  earlier  relaxation  process  from 
LFP  component  in  the  electrode  and  the  later  one  from  ANL-NMC 
component. 

Full  Li-ion  cell  cycling  results  for  1C  discharge  and  1C  charge 
with  C/10  cutoff  are  shown  in  Fig.  7  after  the  two  formation  cycles. 
Both  the  ANL-NMC  and  blended  electrode  cells  appear  to  have 
stable  cycling  under  these  conditions.  Both  cells  display  similar 
capacities,  highlighting  the  negligible  impact  of  blending  from 
the  lower  energy  LFP  material.  Future  studies  will  optimize  the 
electrode  composition  and  more  deeply  evaluate  lifetime  perfor¬ 
mances.  These  studies  will  also  evaluate  the  thermal  stability  of 
the  blended  electrode  and  hence  project  the  safety  of  commercial 
systems.  The  thermal  stability  of  ANL-NMC  has  been  previously 
reported  in  Ref.  [31  ]  and  various  reports  on  delithiated  LFP  may  be 
found,  for  example  [41,42]. 


4.  Conclusions 

This  work  presents  an  example  of  using  two  materials  to  reach 
collective  goals  that  neither  could  achieve  on  their  own.  A  physi¬ 
cal  blend  of  ANL-NMC  with  LFP  has  been  demonstrated  as  a  path 
to  lower  the  impedance  of  ANL-NMC  materials  at  low  SOC.  The 
LFP  acts  as  an  internal  low  impedance  pathway  over  F e2+/3+  active 
potential  window,  carrying  the  current  for  the  more  resistive  ANL- 
NMC  material.  The  ANL-NMC  material  used  in  this  work  has  not  yet 
reached  a  final  state  of  development.  Future  materials  will  have 
enhanced  rate  capability  and  improved  pulse-power  impedance 
than  the  stoichiometry  presented  here-in.  However,  all  layered 
oxide  materials  suffer  from  a  decrease  in  the  lithium  diffusion  coef¬ 
ficient  as  the  concentration  of  intercalated  lithium  increases  near 
the  maximum.  Therefore,  blending  of  a  lower  impedance  material 
that  is  electrochemically  active  in  the  appropriate  voltage  range 
will  likely  continue  to  be  beneficial  in  the  future. 
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